The reduction of gaseous oxygen on carbon-supported platinum electrodes has been studied at 150~ with polarization and potential decay measurements. The electrolyte was either 100 weight percent phosphoric acid or that acid with a fluorinated additive, potassium perfluorohexanesulfonate (C6FI3SO3K). The pseudo-Tafel curves of the overpotential vs. log (iiL/(iL --i)) show a two-slope behavior, probably due to different adsorption mechanisms. The potential relaxations as functions of log (t + ~) and log (-d~/dt) have been plotted. The variations of these slopes and the dependence of the double-layer capacitance on the overpotential depended on the electrode manufacture and the kind of electrolyte {whether containing the fluorinated additive or not).
Introduction
Much experimental work has been done to determine the Tafel slope and exchange current for the electrochemical reduction of oxygen in acidic electrolytes. Two Tafel regions were found by Sepa and co-workers I on a rotating smooth platinum electrode in sulfuric acid; in the low polarization region the Tafel slope was 2.303 RT/F,, and in the high polarization region the Tafel slope was 2(2.303 RT)/F. The transition of the slopes was interpreted in terms of the first charge-transfer step being rate determining in both potential regions but under Temkin adsorption on an oxygen-covered surface in the low polarization region, and Langmuirian adsorption on an oxygen-uncovered surface in the high polarization region. In phosphoric acid electrolyte, a similar behavior was observed on smooth platinum electrodes. ~-5
However, gas-diffusion electrodes with high surface-area platinum (supported on carbon) are presently used in phosphoric acid fuel cells (PAFC). There is always the question of the applicability of kinetic data obtained on low-surface-area electrodes (wires, beads, foils, etc.) to high-surface-area dispersed electrocatalysts. It seems reasonable, therefore, that the kinetic parameters should be obtained on the highly dispersed electroeatalysts directly by using gas-diffusion electrodes. Compared with smooth platinum electrodes, complications are encountered with the carbonsupported platinum gas-diffusion electrodes, such as problems with supporting the electrocatalyst, preparative techniques, preconditioning, experimental conditions, etc. The electrochemical measurement involves the polarization losses caused mainly by the finite conductivity of the electrolyte, electrode matrix, and diffusion of reactants and products. Controversies therefore exist concerning measurements of kinetics of oxygen reduction on gas-diffusion electrodes. Tafel slopes ranging from 65 to 180 mV/decade have been reported. 6"12. Most investigators 6-9 believed that the working mechanism of gas-diffusion electrodes, among other things, was a main factor affecting the magnitude of the Tafel slopes. When controlled by the kinetic process, the electrode exhibits a Tafel slope smaller than 120 mV/decade (most likely ca. 90 mV/decade in concentrated phosphoric acid), whereas when flooded and operating under diffusion control, the electrode exhibits a behavior with a doubled Tafel slope, i.e., with a Tafel slope of ca. 180 mV/decade.
The dependence of the oxygen reduction kinetics on the properties of platinum particles (size and structures) has been a controversial subject. In spite of the fact that earlier Zeliger, 1~ Bert et al., 11 and later Kunz and Gruver 7 and Vogel and Barfs ~2 have shown that the oxygen reduction was independent of the platinum particle size, Blurton et al. ~3 and Bergoli ~ found a decrease in the specific platinum activity on oxygen reduction with diminishing particle size in 20 weight percent (w/o) H2SQ at 70~ and in * Electrochemical Society Active Member. 99 w/o H3PO4 at 177~ respectively. As shown by the work of Peuckert et al., 14 the reason for the structure sensitivity may be associated with the adsorption of surface oxide species.
The effects of using alternative electrolyte and electrolyte additives have been explored extensively, such as fluoroalkane suffonic acids [e.g., trifluoromethane sulfonic acid (TFMSA), 15-17 and perfluoroalkane disulfonic acids18], perfluoro sulfonimide (e.g., PFSI 19) , and perfluorinated salts. 2~ Beneficial effects of the use of perfluorinated surfactants as additives to the phosphoric acid in PAFCs have been approved, a~ A lower extent of anion adsorption of the perfluorinated additives, among others, has been suggested to be a primary factor responsible for the higher rate of oxygen reduction.
A method of analysis of the potential decay on open circuit, following interruption of a polarization current, has been developed and applied to the study of adsorption be-haviorsY -24 This potential decay technique is used here to examine the adsorption behavior in oxygen reduction on gas-diffusion electrodes in phosphoric acid containing perfluorinated additives.
Potential Decay Method
For an electrode reaction the current density i varies as a function of the overpotential, here b is the Tafel slope, d~l/d in i, io the exchange current density. Under polarization conditions such that the back reaction can be neglected, the course of potential decay, ~l(t), after the interruption of current, is given by the differential equation dn -C ~-= io exp (~) [2] where C is the total capacitance of the electrode interface. For cases involving electroactive absorbed intermediates at significant or appreciable coverage (0 > 0.05), C = Cdl + Cp~.
Here Cdl is the double-layer capacitance, and Cp, is the pseudocapacitance characterizing the potential dependence of the fractional coverage, 0, of the electroactive intermediates de Cps = ql ~ [3] where ql is the charge required for adsorption of a monolayer.
Assuming that the capacitance C is a constant independent of the potential, the integration of Eq. 2 gives the potential decay as a function of time where 9 = bC/i is the integration constant and i is the initial current density. The potential then changes linearly with in (t + ~) with a slope of bt = -b, the Tafel slope.
When C is potential-dependent, in particular when Cp~ >> Ca the potential decay slope bt is characteristically either greater than or less than the Tafel slope b, depending on the conditions of coverage by the electroactive intermediates.
Alternatively, the total capacitance C can be evaluated directly from Eq. 2 as Cp~ + Cd~ = io exp (~/b )/(-d~/dt) [5] or In (Cps q-Cdl ) : -In (-d~/dt) + In io + ~(t)/b [6] This can be used to obtain Cp, as the function of f(~).
With a digital oscilloscope and computer differentiation, the ~(t) and d~/dt can be determined precisely from the potential relaxation following interruption of current. The time scale can be varied within 6 decades.
Experimental
Chemicals.--The preparation of 100 w/o H3PO4 from an aqueous 85 w/o acid (Riedel-de H~en) has been described perviously.~ 2~ An electrolyte additive, potassium perfluorohexanesulfonate, C6F~aSOsK (hereafter referred to as the C6 salt) was used as received in some of the experiments.
Purified hydrogen (->99.998%, Hede Nielsen A/S, Denmark) and oxygen (->99.998%, AGA A/S) were used for reference and working electrodes, respectively.
The half-cell and electrodes.--A polytetrafluoroethylene (PTFE) half-cell as described previously 2~ was used in measurements. A platinum foil was used as the counterelectrode. A reversible hydrogen electrode (RHE) was used as the reference electrode.
Two kinds of gas-diffusion electrodes, type A and B, were used for polarization and potential decay measurements. Electrode A was purchased from Giner, Inc. Electrode B was made in this laboratory by a tape-casting process in which a slurry of Regal 660R carbon with 40% PTFE was used. The material contained 10 w/o Pt (Pt loading 0.5 rag/ cm 2) and was cast onto a carbon paper (Toray Europe Ltd.), dried, and sintered in nitrogen atmosphere at 360~ for 20 rain. A set of technical data for both electrodes is listed in Table I .
During an experiment, the whole cell was placed in an oven. The temperature was controlled at 150 _+ I~ Instruments and measurements.--Tafel polarization curves were obtained by current step potentiometry. Steady-state values were recorded 100 s after each change of current. An electrochemical interface (SI 1286, Schlumberger Technologies Ltd.) was used for measurements.
Following each characterization of the Tafel relation, the current was interrupted and the potential relaxation transient against time was recorded digitally with an oscilloscope (DSO 16(}2, Gould Electronic Ltd.). Two measurements were needed for each current to maintain an adequate sampling density for a total time scale from 10 -2 to 104 ms. The acquired potential data as a function of time were finally processed with a computer.
Results and Discussion
Tafel relations are first discussed to characterize the polarization behavior. In phosphoric acid with and without the C8 salt additive at 150~ the plots of overpotential against log (i) display curvatures at high current densities, suggesting a significant diffusion contribution of the electroactive species to the polarization, as discussed in our previous paper. 2~ Here i is the apparent current density based on the parametric surface area of the test electrode.
The limiting current density, iL, due to diffusion of dissolved oxygen in the liquid phase was then measured. As described previously, 25 at lower gaseous oxygen flow rates on the back of the electrode, the limiting current occurs due to reactant depletion or gaseous diffusion. When the oxygen flow rate was increased such that the limiting current becomes virtually constant, the current was limited due to the dissolved oxygen in the acid phase. With the limiting current density thus obtained, the pseudo-Tafel curves of overpotential against log [iiL/(iL --i)] can be plotted, as shown in the Fig. IA Both electrodes, and especially for cells with electrode B, exhibit two-slope Tafel relations (see Table II ). At lower overpotentials the Tafel slopes were approximately half of the slopes at high overpotentials. The polarization of an electrode at a low current density was assumed to be controlled by a mixed potential between the reduction of oxygen and oxidation of carbon, platinum, and possible impurities from electrodes# However, as shown later, this polarization may be attributed to an essentially different adsorption mechanism.
At higher current densities, the polarization follows the Tafel relation of an electrochemical reaction. From the linear sections of the Tafel curves one can calculate Tale1 slopes and exchange-current densities, as summarized in Table II .
The exchange-current density listed in Table II is based on the real reactive area of the catalyst, which was obtained from the cumulative surface area of the electrode micropores filmed with electrolyte. 25 The ratios of the real surface area to the apparent surface area were thus 380 for electrode A in phosphoric acid and 386 in the acid containing 0.1 w/o C6 salt, respectively For electrode B in phosphoric acid and in the acid with 0.1 w/o C6 salt, the values are 510 and 515, respectively. These real surface areas correspond to 76 (or 77) m2/g Pt for electrode A, and 102 (or 103 m2/g Pt for electrode B in the acid (or in the acid containing the fluorinated additive). Here the platinum loading of 0.5 mg/cm 2 of apparent geometric surface area was used. Compared with the theoretical calculation 26 and the hydrogen adsorption/desorption technique, 27 these real surface areas seem high. On this basis, however, the exchange current densities of 0.86 9 10 -6 and 9.33 . 10 -6 A/cm 2 were obtained in phosphoric acid for electrode A and B, respectively.
With oxygen reduction on a smooth platinum electrode in 98 w/o HaPO4 at 150~ Scharifker et al. 6 found the exchange current density to be 2.6 • 10 6 A/cm 2. However, the extrapolated value from Appleby a to 150~ was ca. The comparison of these data with those obtained on carbon-supported platinum is not straightforward, though Kunz and Gruver 7 reported the same value of the exchange current for platinum black, carbon-supported platinum, and a fiat platinum sheet.
From Table II we see that the Tafel slopes are 99 and 127 mV/decade for electrode A and B, respectively, in 100 w/o HaPO~.
Values of Tafel slopes for carbon-supported platinum electrodes are scattered in the literature, ranging h'om 65 to 180 mV/decade. 6-~ Tafel slopes of ca. 90 mV/decade most frequently are reported in concentrated phosphoric acid, corresponding approximately to the ratio (2.303 RT/F) in the temperature range of measurements. However, when the electrode displays a significant potential loss due to the mass transport (which is the case of an electrode with considerable thickness 6 or a small PTFE contentT'9), a double Tafel slope up to 180 mV/decade was obtained.
Moreover, in 99 w/o H3PO4, Bregoli 6 found that the Tafel slope increased from 90 to 110 mV/decade as the surface area of platinum catalyst increased from 10 to 80 m2/g. This dependence of the electrochemical kinetics on the electrode nature may be accountable to the difference in the Tafel slopes for both electrodes here.
In the electrolyte containing 0.1 w/o C6 salt, the Tafel slopes remain the same for both electrodes, whereas exchange current densities are ca. two times larger than those in 100 w/o HaPO 4. The introduction of perfluorinated salts into the acid, as reported, 2~ enhances the oxygen solubility and diffusivity of the electrolyte. As suggested previously ~646 for other perfluorinated compounds, another factor is a lower extent of ionic adsorption on the electrode surface. An increased rate of oxygen reduction in the acid containing the fluorinated additive is therefore expected. 
, I I
For 100 w/o H3PO4 without the fluorinated additive, the plots of both ~(t) vs. log (t + v) and ~(t) vs. log (-d~/dt) have slopes identical with the corresponding Tafel slopes in both cases. This finding, in the light of Eq. 4, 5, or 6, shows that the total capacitance term C~ + Cp, is not significantly dependent on the electrode potential in 100 w/o H3PO4 in the appropriate potential range.
For the acid with the fluorinated additive, electrode A exhibits slopes of ~(t) vs. log (t + ~) and ~(t) vs. log (-d~/dt) identical to those of the Tafel relation. Electrode B, however, displays slopes of both ~(t) vs. log (t + ~) and ~l(t) vs. log (-d~/dt) much larger than those of the Tafel relation. This suggests that the total capacitance (or more precisely the pseudocapacitance Cp~) does depend on the overpotential. The potential dependence of the fractional coverage of the absorbent is virtually expected. against log (t + v) for electrodes A (Fig. 3A) and B (Fig. 3B ) in phosphoric acid both with and without the fluorinated additive.
From the potential decay data acquired, d~/dt was then obtained by differentiation. As a result the potential can be plotted as a function of log (-d~/dt), as shown in Fig. 4 for electrodes A (Fig. 4A) and B (Fig. 4B ) in the acid both with and without the additive.
Here in Fig. 3 and 4 , the solid lines are from linear regression for the corresponding overpotential portions which are arbitrarily assigned.
Both kinds of plots, ~(t) vs. log (t + T) and ~l(t) vs. log (d ~/dt), display a two-slope behavior corresponding to two different Tafel relations (see Table III ). Capacitance as a function of overpotential.--The total capacitance as a function of the overpotential ~ can be calculated from d~/dt by using Eq. 5. Since log (-d~]/dt) appears to depend linearly on ~ in two potential regions, d log (C)/d~ is apparently a constant over an appreciable range of potentials. Evidently the capacitance C is an exponential function of ~q over the corresponding range of overpotential, as shown in Fig. 5 and 6 for both electrodes in phosphoric acid and in the acid with the fluorinated additive.
The variation of the total capacitance as a function of the overpotential has a two-part behavior. The slopes of log (C) vs. overpotential for both electrodes are listed in Table III. The pseudocapacitance, Cp~, defined by Eq. 3, is responsible for the rising portion of the capacitance curves. From Fig. 5 and 6 we see that Cps is no more than 0.6 mF/cm 2 for electrode A, whereas up to 2.0 mF/cm 2, i.e., four times larger for electrode B in either electrolyte. The larger Cps indicates the strong dependence of the adsorbent coverage on potential.
As the potential decays with time after current interruption, from Fig. 5 and 6 we see that the pseudocapacitance does not decrease rapidly until the overpotential is below -200 mV (vs. RHE for electrode A in 100 w/o H3PO4). This may imply that the fractional coverage of the electrode reaches a saturation at potentials above this value. As the potential approaches the value of reversibility, the pseudocapacitance quickly increases, demonstrating the rapid change of Cps with the potential.
In the acid with 0.1 w/o of the C6 salt, however, the potential range in which Cp~ remains virtually unchanged can be extended down to ca. 100 mV for electrode A. For electrode B, this potential limit shifts from ca. 250 mV in 100 w/o H3PO4 to ca. 120 mV in the acid with 0.1 w/o of the C~ salt.
As mentioned above, the lower portion of the Tafel plot for oxygen reduction on carbon:supported platinum electrodes, which displays approximately a half Tafel slope of that at high overpotentials, was previously attributed to the oxidation of carbon, platinum, and possible impurities from electrodes. 7 The rapid variation of the pseudocapacitance (which indicates the variation of the fractional coverage) in the corresponding potential range suggests an adsorption mechanism.
At higher overpotentials, the capacitance tends to reach a constant value (see the inserts in Fig. 5 and 6 ). The value is presumably the double-layer capacitance, C~, for the electrode under the prevailing experimental conditions. Obtained double-layer capacitances are 0.007 and 0.012 mF/cm 2 for electrode A and 0.027 and 0.043 mF/cm 2 for electrode B, in the acid without and with the fluorinated additive, respectively.
The double-layer capacitance can be correlated with the parameters of gas-diffusion electrodes such as carbon supporting, PTFE content, sintering temperature, and the electrolyte wettability as well. These different values of the double-layer capacitance for two kinds of electrodes can be at least partially accounted for by the use of different carbon powders. Some results of the double-layer capacitance, as a function of carbon materials, are listed in Table IV . For most literature data, the double-layer capac- Overpotential, mV vs. RHE ities on the basis of the perimetric area were measured from cyclic voltammograms, and then divided by the Brunauer, Emmett, and Teller method (BET) surface area to obtain the real double-layer capacities on the basis of the reactive area. The comparison of these data is not straightforward because of the complexity of the experimental situation. As can be noted from Table IV , the double-layer capacitance of electrode B (with Regal 660R, 112 m~/g) is probably larger than the electrode A (with Vulcan XC-72, 250 m2/g).
This may be due to the difference in the degree of dispersion of platinum particles on the surface of the carbon supports. Since the platinum loading and platinum particle size range are virtually the same for both electrodes, one may expect a dense dispersion of platinum particles on the low-surface-area carbon support (e.g., Regal 660R for electrode B). The dense dispersion of platinum particles may enhance the wettability of the electrode. This seems confirmed by the acid adsorption measurements for both electrodes in our previous paper. 2~ Data in Table IV appear to approve this assumption. For instance, three types of carbon blacks with alkaline electrolyte, i.e., Ketjenblack (1000 m2/g), Vulcan XC-72 (250 m2/g), and acetylene (65 m2/g), showed double-layer capacitances of 0.0037, 0.010, and 0.019 mF/cm 2, respectively. As Mokrousov et al. 34 found in their charging curve measurement, the electrode wettability with different electrolytes has a considerable influence on the measured values of the double-layer capacitance, i.e., the increase in the wetted surface area of the activated carbon may lead to a larger double-layer capacitance. The presence of the fluorinated compound in the phosphoric acid has a dramatic effect on the wettability 2~ and the electrocapi]]ary property (i.e., surface tension 3~) of the electrolyte. An increased double-layer capacitance was hence expected when a dense dispersion of Pt particles was present or especially when the C~ salt was introduced into the electrolyte.
The transition potentials of the two-part capacitance curves of both electrodes, upon the addition of the perfluorinated compounds, decrease by ca. i00 mV, i.e., from ca. 220 mV to ca. 120 mV for electrode A and from ca. 240 mV to ca. 140 mV for electrode B. This may indicate that the saturating adsorption of electrolyte ions is reached at lower overpotentials when the additive is present. When the additive is added, there may be more active sites on the electrode surface available for the electrochemical reduction of oxygen because of the weakened adsorption of the electrolyte ions.
Since the zero-charge potential for platinum in acid solution is 0.5 to 0.7 V vs. RHE, 18 one may expect that, in the potential range for oxygen reduction (0.7 to 1.0 V), the platinum surface is positively charged, and all anions in the electrolyte are drawn to the inner Helmholtz layer, while the cations are repelled from the inner layer. This potential range for anion adsorption corresponds to overpotentials up to ca. 0.3 V vs. RHE here, see, e.g., Fig. 5 and 6 . The competition among anions in the electrolyte depends on the relative strength of the ion-solvent interaction and the ionmetal interaction. As shown by Saffarian et al., 18 the ionmetal interaction for inorganic anions such as sulfate, phosphate, and chloride is stronger than that for the anions of perfluoroalkane sulfonate family.
Apart from the increased solubility and diffusion coefficient of oxygen, 21' 85' 3~ when the perfluorinated salts are present in phosphoric acid, the lower extent of anion adsorption on the catalyst surface is presumably another primary factor responsible for the enhanced kinetics of oxygen reduction, as previously proposed for other perfluorinated additives by Zelenay et al., 1~ Saffarian et al., z8 and Razaq et al. 19 
Conclusion
The oxygen reduction on carbon-supported platinum electrodes in phosphoric acid has been studied by steadystate polarization and potential decay measurements. Tafel curves display a two-slope linear relation. The slope variations and the potential-dependence of the capacitances show that the lower portion of the Tafel plot can be appreciably attributed to a different adsorption mechanism.
The potential decays vs. log (t + -~) and vs. log (-d~I/dt) show a behavior in accordance with the Tafel plots. The variations of slopes depended on the kind of electrode (originating from the manufacturing process) and the electrolyte. The double-layer capacitance and the pseudocapacitance due to the ionic adsorption were obtained from the potential decay measurements as a function of the overpotential.
Potassium perfluorohexanesulfonate (C6FI3SO3K) when added into the phosphoric acid electrolyte may lead to an enhanced oxygen reduction kinetics. The reduced adsorption of the perfluorinated anions, as well as the increased oxygen solubility and diffusion coefficient, is a primary factor responsible for the enhanced kinetics.
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Introduction
In 1977 it was shown by Shirakawa et al. that oxidation (also called doping) of polyacetylene (PA) enhances its electrical conductivity by many orders of magnitude and provides the polymer with metallic propertiesJ '2 This conductivity behavior is common to the conducting polymers, which consist of electrochemically active ~-conjugated chains, and to which PA belongs (for a review on conducting polymers see Ref. 3 and reviews cited therein). Much effort has been invested in conducting polymers in order to develop a rechargeable polymer battery. Analyzing the cyclic voltammograms (CV) of conducting polymers is a commonly used method for investigating the electrochemical behavior and a considerable amount of work has been done in understanding these data.
The CV of PA given in Fig. 2 is typical for conducting polymers. It shows an anodic peak which is sharper than the cathodic one. With decreasing scan rates the peak separation between anodic and cathodic peaks approaches a quasi-reversible value AE~ r of 344 mV. In contrast to experimental findings, theoretical considerations predict that such polymer-modified electrodes should have mirrorsymmetric anodic and cathodic peaks with AE~ r = 0.4,5 This means that the peak separation should approach zero with decreasing scan rates. The experimentally observed nonzero hEi r was interpreted by some authors to result from sluggish kinetic parameters, 5-1~ but these interpretations necessarily lead to a AE~ r of zero at very low scan rates, which is in contrast to experimental observations. Heinze et al. 11 explained the peak separation at low scan rates as a consequence of a conformational change upon oxidation where the conformations have different standard potentials which cause a nonzero AE~L Although their simulations show peak separations in the quasi-reversible case, it was shown by Feldberg and Rubinstein 12 that Heinze's * Electrochemical Society Active Member. model must lead to a AE qr of zero m contrast to Heinze's calculations. Our own numerical simulations support the conclusions of Feldberg and Rubinstein because in square schemes as proposed by Heinze the steady-state concentration profiles at a given potential are unique and independent of whether the scan is anodic or cathodic. As a consequence, hei r of such square scheme systems is zero. Laviron 4' 13 and more recently Fetdberg and Rubinstein 12 explained the nonzero AE~ ~ in the CV of polymer-coated electrodes as a consequence of a hysteresis caused by strong lateral interactions between redox centers as manifested by S-shaped Frumkin-type adsorptions isotherms. 14 Hysteresis effects of CVs of adsorbed layers have also been interpreted in terms of S-shaped isotherms by Gileadi, ~5 Laviron, 15 and Sadkowski 17 (a review on CV of adsorbed layers is given by LavironlS).
Another conspicuous feature in CVs of conducting polymers is what Feldberg 5 calls capacitive current. He explains the broad anodic tail on the high potential side of the CV as a capacitive charging which is proportional to the amount of oxidized polymer centers. In contrast to this interpretation Heinze et al. 19 concluded from their experiments that this anodic tail is mainly caused by faradaic current and attributed this shape behavior to a variation of redox state energies with a reasonable number of low lying degenerate states followed by redox states with increasingly higher energies. ~I Schlenoff et al. 2~ estimated the amount of Feldberg's capacitive current and concluded that this can be neglected.
Due to the complexities mentioned above, the simulation of experimental CVs of conducting-polymer-coated electrodes is not an easy job and only a few works address this matter. Feldberg 5 published a simulated CV of polypyrrole using a small heterogeneous rate constant to get the observed peak separation AE~ r. Heinze's simulation of polypyrrole I~ with its problematic peak separation has been mentioned above. Yeu et al. 21 published another well-
